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Abstract 
Laser welding has been proven to be promising for aerospace. Welds with high aspect ratio are produced with lower heat input compared with 
conventional arc-welding processes; furthermore, higher productivity and lower distortion are benefited. Nevertheless, specific issues must be 
addressed depending on the material to be welded. 
In this frame, laser welding of AA 2024 in T3 heat treatment condition, which is among the most common light metal alloys in aerospace, is 
discussed. A comprehensive review of issues influencing weldability is given, combining ad-hoc trials with Yb:YAG disk-laser source and 
existing knowledge in the referred literature. Therefore, a number of subjects are investigated: the need for proper gas assistance, the threshold 
value of irradiance to be overcome for key-holing as a consequence of low absorptance and high conductivity, magnesium vaporization leading 
to instability and macro-pore formation, softening in the fused zone resulting in lower strength due to dissolution of precipitates and loss of the 
strengthening phase. EDS inspections, Vickers micro-hardness tests and tensile tests have been conducted to discuss the response. Convincing 
results have been achieved both in terms of reduction of the heat affected zone and ultimate tensile strength, in comparison with other findings 
in the literature. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
New materials and new technologies are progressively 
tested in aerospace in order to meet the challenges of 
innovation and economy. In this frame, light metal alloys are 
extensively employed because weight reduction is one of the 
most effective ways to enhance efficiency and improve fuel 
mileage [1]. Aluminium alloys are considered as they offer an 
ideal compromise of mechanical properties, weight and 
resistance to corrosion. In particular, AA 2024 is widely 
common; its nominal chemical composition is given in Table 
1: copper and magnesium are effective in increasing strength 
following heat treating of quenching and aging [2]. 
Aiming to further reduce the costs at the manufacturing 
stage, laser welding is given increasing interest and is deemed 
to be promising for aerospace [3, 4] among a number of 
innovative joining technologies also including friction stir 
welding (FSW) [5] and laser direct-metal deposition [6]. With 
specific respect to aluminium alloys, FSW seems to be the 
current valid alternative; although any issue related to fusion 
is overcome due to the process being performed below 
melting temperature, severe plastic deformation are induced, 
joining of components with complex or thin structures is 
challenging, and poor corrosion resistance is reported [7]; in 
addition, extensive study is currently being conducted 
concerning the subject of thermal softening [8]. 
A number of advantages are offered by laser welding 
instead. Welds with high aspect ratio are produced with lower 
heat input compared with conventional arc-welding; higher 
productivity and lower distortion are benefited [9, 4, 3]. 
Nevertheless, specific issues must be addressed depending on 
the material to be welded with special care for models to 
predict and classify any welding imperfection [10, 11, 12]. For 
instance, laser welding of aluminium alloys is hindered by 
reflectivity, high thermal conductivity and excessive fluidity, 
as well as affected by significant tendency to pore formation 
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[3, 13]. In addition, vaporization and loss of alloying elements 
has been reported to bring about a change in the chemical 
composition of the weld metal [14]. 
Many studies have dealt with plume generation during 
welding; different nozzle geometries for the assisting gas have 
been investigated to blow high-temperature thermally excited 
vapors resulting from metal vaporization, which may produce 
unplanned defocusing of the beam [15], thus further reducing 
the absorption. Therefore, the use of copper nozzles, which is 
a carryover from usual practice in welding steel, has also been 
suggested for aluminium [16]. Moreover, severe key-hole 
instability has been recognized to be reason of rough surface, 
macro-pores and hence bead rejection at quality checks[14, 
17]; precautions such as high frequency beam oscillation [18] 
and laser-arc hybrid devices [19, 20, 21] have hence been 
proposed in an attempt to improve process stability. 
Since a number of experimental plans have been developed 
by the authors to optimize aluminium welding both on 3.2 mm 
thick plates (i.e., 0.125 in) and 1.25 mm thick sheets (i.e., 0.05 
in) in terms of imperfections and extent of the fused zone [16, 
22], general issues influencing autogenous weldability of AA 
2024 have been gradually found and investigated. A 
comprehensive review of these is given in this paper: ad-hoc 
trials with Yb:YAG disk-laser source and existing knowledge 
as available in the referred literature are combined. 
Table 1. AA 2024, nominal chemical composition (wt.%). 
Cu Mg Mn Si Fe Zn Ti Cr Al 
3.80 ÷ 4.90 1.20 ÷ 1.80 0.30 ÷ 0.90 0.50 0.50 0.25 0.15 0.10 Bal. 
2. Gas assistance 
The need for proper gas assistance in laser welding of 
aluminium alloys has been widely discussed in several studies 
[16, 22, 23]. Gas flow impinging the laser focus has been 
suggested to blow the metal plume, while additional gas flux 
is required to prevent oxidation on the upper surface. 
Nevertheless, as the beam interacts with both the metal vapors 
and the assisting gas, thus inducing ionization above the joint, 
suppression of plasma is critical to allow the beam to reach 
the work-piece with minimal interruption, so to improve 
quality and penetration depth. Otherwise, laser energy would 
be mainly absorbed outside of the key-hole, with consequent 
affection of the refractive index and unplanned beam 
defocusing, deflection and refraction in turn [15].  
 
Fig. 1. Laser welding set-up for aluminium processing: suggested scheme 
with copper nozzle and back-side shielding. 
Special care is normally required for nozzle positioning 
and geometry for gas supply. The authors designed and 
patented a specific device to be conveniently adapted 
according to the joint configuration and the base metal to be 
welded [10, 11, 24]. Although argon normally provides an 
ideal compromise between effectiveness and economic needs 
in industrial environments, it has been proven [17] to worsen 
the overall absorptance when considered for aluminium 
alloys. Helium is preferred instead in spite of its price, having 
it a higher ionization potential, thus being more resistant to 
plasma formation; finer spatter droplets are produced. 
Based on a number of preliminary trials, a welding set-up 
with 25° tilted trailing nozzle and helium flow at 15 l/min rate 
has been tuned and is shown in Fig. 1; interestingly, both 
shielding from oxidation and plasma blow are simultaneously 
achieved, as laminar fluxes are in place, preventing from 
vortexes or waves which would affect the joint quality. Back-
side shielding must be additionally provided to protect the 
root in fully penetrative welding; to this purpose, argon can be 
effectively used since no interaction results between the beam 
and back-side shielding flow. The scheme has been 
successfully tested to weld AA 2024 in different thickness 
samples in bead-on-plate, butt and overlapping configuration 
[16, 22, 25]. 
3.  Issues in laser-material interaction 
Incomplete fusion of the base metal is usually due to 
natural oxide on the abutting surfaces of the plates to be 
welded. Aluminium oxide melts above 2050 °C [2], whereas 
base alloys normally melt at roughly 600° C. For this reason, 
any oxide must be properly removed, as well as any source of 
foreign material which could produce inclusions and prevent 
sound joining. 
Provided that joint preparation has been properly 
accomplished, low absorptance and high thermal conductivity 
are further issues to be addressed. Higher specific energy per 
volume is actually required to effectively melt aluminium 
compared with any ferrous alloy with even higher melting 
point: reflectivity at YAG wavelength can be as high as 90%, 
in combination with a thermal conductivity of 120 W/mK 
which is, approximately, six times higher compared with 
steel. Reflectivity is first of all an issue demanding for 
specific precautions in the welding set-up: namely, sideways 
tilting angles in the order of degrees are usually suggested for 
laser head positioning in order to prevent back reflections 
from entering the optics train; for less sensitive laser sources, 
it has also been reported that forward or backward tilting 
irradiations with respect to the welding direction may improve 
penetration depth and bead width [26]. 
Reflectivity is a function of laser wavelength and depends, 
in general, on the thermal state of the material; namely, it 
decreases with increasing temperature, but it has also been 
reported [14] that progressive vaporization of volatile 
elements, such as magnesium, can further reduce the 
threshold for key-holing. Based on several combinations of 
power and spot size, it has been found that 18.4 kW/mm2 
must be transferred from the beam to the metal for key-holing 
on AA 2024 [22]. 
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Unlike steel and copper, the increase of absorptance in 
aluminium welding is not significant when moving from CO2 
to YAG sources such as disk or fibre; nevertheless, tighten 
focusing and higher irradiance are allowed thanks to better 
beam quality [27]. Hence, even the issue of high thermal 
conductivity is far less constraining. Moreover, high welding 
speeds are possible compared with traditional methods; the 
total processing time is shortened. 
4. Porosity 
Two types of porosity may arise when welding aluminium. 
Micro-pores, with mean diameter below 50 μm [13], do not 
normally result in rejection of welded parts: they are ascribed 
to hydrogen and other common gases in case of inadequate 
preventive seam preparation. A micro pore-affected weld 
cross-section is shown in Fig.2. High temperatures, as 
experienced in the weld pool, allow a large amount of 
hydrogen to be absorbed: as hydrogen solubility in solid metal 
is lower compared with solubility in liquid state, hydrogen 
exceeding the solubility limit at room temperature and not 
escaping from the solidifying weld results in pore formation. 
Macro-pores, instead, which are also referred to as macro-
cavities, ranging in size over 300 μm, seriously affect the 
mechanical properties and are generally found along the 
welding bead centre-line [22] according to X-rays inspections. 
Imperfect collapses of the key-hole during welding are 
addressed as possible reason. 
 
Fig. 2. Micro-pores in the transversal cross-section (thickness 1.25 mm, 
power 1600 W, speed 80 mm/s, focused beam). 
4.1. Effect of defocusing 
As for any metal alloy, defocused beams are suggested in 
the literature [17, 23] to effectively improve the quality of the 
joint both in terms of porosity and penetration depth. Welding 
is then told to be conducted with positive or negative 
defocusing when the beam focus is above or beneath the 
upper surface of the work-piece, respectively. Although the 
laser beam is symmetrical about its waist, different responses 
are achieved when the same defocusing shift is set in positive 
or in negative direction. 
The effect of defocusing is discussed with respect to butt 
welding of 3.2 mm thick plates, as processed with constant 
1.8 kW power and 10 mm/s welding speed. Defocusing has 
been considered in a 1 mm bilateral range about the focus 
position; referring to the beam caustic, no further defocusing 
is recommended for this given power level in order to deliver 
minimum irradiance for key-holing. 
The porosity trend as measured in longitudinal cross-
sections is shown in Fig. 3 as a function of defocusing; a 
maximum standard deviation of 1.5% resulted among 
replications due to the high variable nature of pore formation. 
Full penetration is prevented with positive defocusing; 
although the requirement for minimum weld depth is met, the 
average amount of pores is close to the 5% limit which is the 
allowed threshold according to international standards [28]. 
Gas driven toward the tip of the hole is trapped indeed, as 
bubble ejection is hindered [14]; for this reason, macro-pores 
mainly occur in partial penetration welds and are rarely found 
in fully penetrative conditions. 
 
Fig. 3. Macro-porosity as a function of defocusing (thickness 3.2 mm, power 
1800 W, speed 10 mm/s). 
 
Fig. 4. Transverse cross-sections showing irregular profiles along the weld as 
a consequence of unstable key-hole (thickness 3.2 mm, power 1800 W, speed 
10 mm/s, 1 mm negative defocusing). 
On the other hand, a reduction of porosity is achieved in 
fully penetrative welding when a negative 0.5 mm shift 
applies; nevertheless further defocusing is thought to affect 
the stable solution for the equilibrium radius of the key-hole 
thus inducing oscillations with consequent spiking and 
modification of the welding mode along the bead length. To 
support the assumption, cross-sections with 10 mm cut step 
are shown in Fig. 4 for focused and defocused conditions: the 
bead profile is clearly irregular along the welding direction as 
a consequence of unstable key-hole and intermittent closure 
which also result in gas entrapment. AA 2024 is hence highly 
susceptible to minimal deviation about the focus position. 
4.2. Vaporization of magnesium 
To further discuss the formation of pores in the welding 
bead, local chemical compositions are investigated. Non 
stable key-holes are expected to be produced as a 
consequence of large differences in boiling and melting points 
between the base metal and the main alloying elements [14]. 
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depending on vaporization and welding conditions [13], as 
noticed via EDS inspections in the transverse cross-section. 
Two conditions with different amount of pores have been 
conveniently selected from a large experimental plan and are 
compared in the following. Laser welding with a power of 1.6 
kW, a speed of 10 mm/s with 0.5 negative defocusing has 
been performed on 3.2 mm thick plates in butt joint 
configuration. With this combination of processing 
parameters, macro-pores are produced. Random cross-
sections have been considered, appropriate sites of interest 
have been scanned with the same pattern, as shown in Fig. 5, 
with array A and B locating at 0.5 and 1 mm depth with 
respect to the top-surface. 
The average magnesium content has been measured with a 
maximum standard deviation of 0.1% among sites of interest 
corresponding to same locations on different cross-sections 
and is given in Fig. 6 as a function of the distance from the 
welding axis: a clear decrease is noticed when moving from 
the base metal toward the fused zone, where local magnesium 
concentration is uniform, irrespective of the scanning array, 
thus proving that vigorous whirling convective mixing occurs 
in fused state. 
Higher speeds and lower thermal inputs are required to 
match the standards when welding 1.25 mm thick sheets. As a 
consequence, different processing conditions result and 
magnesium loss is expected to change; therefore process 
stability may improve. Laser welding with a power of 1.6 kW, 
a speed of 80 mm/s with focused beam has been found to be 
effective for fully penetrative butt welds. 
 
Fig. 5. EDS scanning strategy in the bead cross-section (thickness 3.2 mm, 
power 1600 W, speed 10 mm/s, 0.5 mm negative defocusing). 
 
Fig. 6. Magnesium weight content across the weld (thickness 3.2 mm, power 
1600 W, speed 10 mm/s, 0.5 mm negative defocusing). 
 
Fig. 7. EDS scanning strategy in the bead cross-section (thickness 1.25 mm, 
power 1600 W, speed 80 mm/s, focused beam). 
 
Fig. 8. Magnesium weight content across the weld (thickness 1.25 mm, power 
1600 W, speed 80 mm/s, focused beam) 
Since macro-pores are successfully restrained with this 
combination of processing parameters, some conclusion can 
be drawn concerning magnesium vaporization. Random cross-
sections have been considered and scanned, as shown in Fig. 
7, with array A and B here locating at 0.3 and 0.6 mm depth 
with respect to the top-surface. The average magnesium 
content across the weld is given in Fig. 8: a decrease toward 
the welding axis is noticed; a 1.2% residual content is found 
when moving to the fused zone. 
Based on these results, a correlation between defocusing, 
magnesium loss and process instability is inferred. A change 
in the balance equation of pressure in the key-hole is deemed 
to affect the process, thus offering stability depending on both 
focus position and magnesium vaporization. A similar 
behaviour has been discussed for Al-Li alloy [14]: key-hole 
porosity is found to be caused by violent vaporization of 
lithium leading to the process instability. 
5. Softening in the fused zone 
Enhanced strength of cold-worked AA 2024 in T3 heat 
treatment condition is offered thanks to precipitation of the 
Al2CuMg-phase upon solution heat treating and natural age 
hardening, whereas detrimental dissolution and growth of 
strengthening precipitates occur during conventional welding 
[2]. This is commonly referred to as softening or degradation 
of the fused zone and has also been reported in laser welding 
[16, 29] as a consequence of rapid heating and cooling 
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supposed to exist between the base metal and the bead. 
Nevertheless, based on the results of the EDS analyses, is 
inferred to be additional reason of decrease of mechanical 
strength. 
As common method to investigate the effects of welding 
cycles on both the extent of the HAZ and softening in the 
fused zone, micro-hardness testing in the transverse cross-
section has been performed. The trend of micro hardness, as 
resulting from indentations at mid-thickness, is given in Fig. 9 
as a function of the distance from weld centre. 
As expected, a steep decrease in micro-hardness is noticed 
in the fused zone, from 145 to 105 HV0.1 on average, while an 
intermediate 125 HV0.1 is measured in the HAZ. Combined 
considerations can be drawn taking account of both EDS and 
hardness testing. The response in the HAZ is deemed to 
follow dissolution of precipitates, whereas the primary 
modification in the fused zone is due to magnesium loss. 
Given the step to be allowed between consecutive 
indentation [30], one can assume the HAZ to range from 200 
to 250 μm at most, which is roughly 8% of the bead width. 
Interestingly, no transition values have been observed 
between base metal and fused zone, when welding 1.25 mm 
thick sheets with proper processing conditions, hence HAZ 
width must be assumed to be even less than 150 μm in this 
case, which is roughly 12% of the bead width. On the other 
hand, a 0.5 mm wide HAZ has been reported for weld 
samples of the same alloy in 1.6 mm thickness, when 
considering a Nd:YAG source with additional assisting filler 
wire [29]. 
 
Fig. 9. Vickers micro-hardness trend across the weld (thickness 3.2 mm, 
power 1800 W, speed 10 mm/s, focused beam). 
6. Tensile testing 
Given the decrease of micro hardness in the bead, fracture 
is expected to occur within the weld. For this reason, it is 
widely accepted in several researches dealing with aluminium 
alloy, that an ultimate tensile strength (UTS) of 66% with 
respect to the parent metal [29, 31] must be provided at least. 
Furthermore, since the final response depends on both 
grain growth and evaporation of the alloying elements, higher 
speeds are expected to produce higher strength, as they result 
in finer microstructures and reduced loss of strengthening 
low-melting elements. This has been proven to be true upon 
tensile comparison between 3.2 and 1.25 mm thick welds, 
requiring different thermal input and welding rates in order to 
match the quality in terms of penetration, possible 
imperfections and porosity. 
In both cases, fracture started from the weld and grew 
toward the HAZ, where steep discontinuity is experienced in 
terms of hardness and chemical composition. An UTS of 480 
MPa has been found for original non-welded samples. 
Strength decreased below 66% of the parent metal for welds 
on 3.2 mm thick plates; as high as 80% with 1% elongation 
has been successfully obtained for 1.25 mm thick welds. 
Since ductile fracture is thought to be driven by dimples 
coalescence [32], the size of the dimples in the fracture 
surface is indicative of resulting ductility. Dimples in the 
fracture surface section of the welds (Fig. 10, 11) are smaller 
compared with dimples in the base metal (Fig. 12), hence 
proving that a smaller stretch zone results in the joints with 
consequent lower ductility. 
 
Fig. 10. Fracture surface of tensile sample (thickness 3.2 mm, power 2000 W, 
speed 25 mm/s, focused beam). 
 
Fig. 11. Fracture surface of tensile sample (thickness 1.25 mm, power 1400 
W, speed 80 mm/s, negative defocusing 0.5 mm). 
 
Fig. 12. Fracture surface of tensile sample (base metal). 
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Conclusions 
A number of laser-related issues being in place when 
welding AA 2024 have been discussed combining ad-hoc 
trials with Yb:YAG disk-laser source and existing knowledge 
in the referred literature. High brightness laser sources are 
valuable to the purpose of delivering a threshold irradiance of 
18.4 kW/mm2 for key-holing, as a consequence of low 
absorptance and high conductivity; nevertheless, a proper 
beam angle must be taken to prevent damages to the optics. 
Clear advantages in beam-metal coupling result when 
assisting the process with helium instead of argon. 
Unstable key-hole and intermittent closure may result in 
gas entrapment and macro-pores. AA 2024 has been proven to 
be highly susceptible to minimal deviation of the focus 
position; a reduction of the amount of macro-pores is 
achieved in fully penetrative welding when negatively 
defocusing to 0.5 mm. Magnesium is thought to affect both 
the process instability due to violent vaporization and overall 
strength as a consequence of dissolution or loss of the 
strengthening phase in the weld. Convincing results have been 
achieved in terms of reduction of the extent of the heat 
affected zone and improvement in the ultimate tensile strength 
in comparison with other findings in the literature, thus giving 
grounds for concrete application. 
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